We studied the effect of melatonin on morphological and functional disorders using serum markers of liver dysfunction such as cholinesterase and gamma glutamyl transpeptidase, hepatic protein content and malondialdehyde in a burned-rat model. Melatonin (10 mg/kg (-1), i.p) was administered immediately and then 12 h after 30% of total body surface area burns of male Wistar rats. The burns induced an increase of hepatic malondialdehyde levels by 166% (p<0.001), and also vascular congestion, leukocyte infiltration around the central veins, intracellular vacuolization, hepatic cell degeneration and apoptotic bodies (Councilman's bodies). These changes were associated with significantly reduced serum cholinesterase (36%), gamma glutamyl transpeptidase (76%), hepatic proteins (52%) and serum albumin (37%) (p<0.001-0.0001). Treatment with melatonin reduced elevated hepatic malondialdehyde values by 50% (p<0.01). Melatonin restricted degenerative alteration in the hepatocytes: it protected the burninduced decrease of serum gamma glutamyl transpeptidase activity by 48% (p<0.01), hepatic proteins by 64% (p<0.01), and serum activity of cholinesterase as the only marker of liver damaged synthetic function by 57% (p<0.0001) but did not exert any significant influence on serum albumin concentration. Melatonin repaired the pathomorphological lesions and functional disorders. It could restore liver damage following thermal injury in humans.
Introduction
Severe burns causing damage to organs distant from the burn wound site remain a serious clinical problem in emergency medicine. Clinical studies have shown that impaired liver function and morphological damages are critical for survival in critically ill and severely burned patients [1, 2] . The pathophysiology of burn-induced liver injury includes many mechanisms and has not been sufficiently clarified to date. Various cellular and molecular interactions between neutrophils and macrophages, oxygen radicals, cytokine overproduction, depletion of glutathione and mitochondrial dysfunction may be involved in these processes [2, 3] . These complex mechanisms cause liver dysfunction, damage to hepatic parenchyma and, eventually, cell death. The ability of the liver to synthesize constitutive hepatic proteins, acute phase proteins, cytokines and other mediators makes it a determining factor in burn survival [4] .
Melatonin is a hormone produced by the pineal gland; it is a tissue factor and an autocoid [5] . The gastrointestinal tract of vertebrates has been shown to be a rich source of extrapineal melatonin, with the highest concentration in the hepatobiliary system and high-ability binding sites in hepatocyte nuclei [6] . As scavenger of both reactive oxygen species (ROS) and reactive nitrogen species (RNS), melatonin protects DNA, lipids and proteins against oxidative damage. [7] Melatonin has a potent protective effect on liver injury induced by ischemia/reperfusion and toxins such as carbon tetrachloride, alcohol and cyclosporine A [8] [9] [10] . Previous studies showed that melatonin restricts oxidative damage in the liver, as well as production of acute-phase hepatic proteins and plasma transaminase as indicators of hepatic injury and functional disorders after burns [11, 12] . Published data about changes in other markers after burns, serum cholinesterase (ChE) and gamma glutamyl transpeptidase (GGT), is scarce.
The aim of this study is to define the effect of melatonin on morphological and functional disorders of the liver using histological methods and biochemical serum markers of liver dysfunction (serum ChE, GGT and albumin), hepatic protein content, and hepatic MDA as a marker of oxidative stress.
Materials and methods

Animals
Experimental procedures were approved by the Home Office for Care and Use of Laboratory Animals and performed with an emphasis on the ethics of animal experimentation according to the International Guiding Principles for Animal Research approved in Bulgaria. Same-age male rats weighing between 220 and 250 were housed in a 20 o C room and offered rat chow and water ad libitum. They were kept in dark-light cycles (DL = 12:12 h) in individual wirebottomed cages and fed standard rat chow. The lights were turned off at 8:00 p.m. and on at 8:00 a.m. to achieve a satisfactory photoperiod. The rats were fasted for 12 h, but were allowed free access to water before injury
Thermal injury and melatonin treatment
After mild ether inhalation, general anaesthesia was intraperitoneally (i.p.) administered using thiopental 30 mg/kg(-1) body weight (b.w.) To accomplish a 30% thirddegree burn, scalding hot water (90 o C) was applied on the back of the animals for 10 sec. Following burn injury, 4 ml physiological saline was applied i.p. for immediate resuscitation. No animals died within the first 24 h postburn period. Twenty-eight male rats were randomly assigned to four groups: vehicle treated without burns (C, n=7); melatonin treated without burns (C+M, n=7); vehicle treated with burns (B, n=7); and melatonin (10 ml/kg(-1) b.w.) treated with burns (B + M, n=7). Melatonin (N-acetyl-5-methoxytriptamine; Merck, Germany) was dissolved in absolute ethanol and diluted with physiological saline to make a 5% final solution. The melatonin solution was administered i.p. immediately and then12 h after thermal skin injury. The groups without burns and with burns received the vehicle only (5% ethanol, 5 ml/ kg, i.p.). All animals received buprenorphine (0.3 mg/ kg(-1) b.w. i.p.) twice daily for post-burn pain control. The animals were reanaesthetised with thiopental and sacrificed 24 h after the burns; the livers were then sampled.
Biochemical analysis
Blood was taken from the jugular vein and heparinized. The serum was separated by centrifugation at 800x g for 10 min, and aliquots were stored at -80oC until analysis. Liver was gently separated from the underlying tissue, homogenised in 1:5 w/v 50 mM phosphate buffer (pH 7.4) containing 0.1 mM EDTA, at 4000 r.p.m. for 10 min. The homogenate was centrifuged at 800 _ g r.p.m. for 15 min to discard the sediment, and the supernatant was frozen until analysis. All manipulations were performed at 4 to 8oC. The samples were analysed immediately after thawing.
Membrane lipid peroxidation was assayed by MDA, measured by its thiobarbituric acid (TBA) reactivity in liver homogenates using the method of Porter et al. [13] . Results were determined using the extinction coefficient of MDA-TBA complex at 532 nm = 1.56 1.56 x 10-5 cm-1 M-1 solution and were expressed in nmol MDA per g protein Hepatic dysfunction was assessed by serum ChE activity according to the method of Henderson et al. [14] and expressed as U/L. Serum GGT activity were determined by the JFCC method and expressed as U/L; serum albumin content was expressed as g/L and determined by the BBG method using the reagent kit (Hofman la Roche) on the COBAS Integra 400 Plus analyzer.
Histopathological examinations
Tissue specimens were fixed in 10% buffered formalin (pH 7.2), dehydrated in ascending series of ethyl alcohol (70%-100%), cleared in methyl benzoate and embedded in paraffin wax. Tissue sections of 5 μm were stained with hematoxylin and eosin (H&E) and examined using a light microscope (Olympus BH-2, Tokyo, Japan). The histopathological appearance of liver was described by the following scores: 0, normal; 1, dilatation and intracellular vacuolization; 2, vascular congestion and dilation of sinusoids; 3, leukocyte infiltration; and 4, hepatic cell acidophil degeneration and apoptotic (Counselman's) bodies.
Statistical analysis
All data were expressed as mean ± SEM. The histological data were compared by the Mann-Whitney U nonparametric test and other parameters were compared by two-way analysis of variance (ANOVA) followed by Tukey-Kramer multiple comparison test. A value of p<0.05 was considered statistically significant. Statistical analysis was performed using GraphPad Software.
Results
Histopathological results
Liver specimens from rats with burns showed histopathological changes, including intracellular vacuolization, vascular congestion and leukocyte infiltration, hepatic cell acidophil degeneration and apoptotic (Counselman's) bodies (Figure 1 ). In the untreated group with burns, microscopic scores were observed to have nearly maximum values in liver tissue. Melatonin treatment was effective in reducing the extent of damage of liver tissue (Figure 2 ).
Biochemical results
The hepatic MDA level was significantly by 166% (p<0.001) higher in the group with burns than that in the control rats (Table 1) . Treatment with melatonin reversed the burn-induced increase in hepatic MDA level (p<0.01).
Burn injury caused a 76% decrease (p<0.0001) in the activity of serum GGT when compared to that of the control rats (Table 1) . Melatonin treatment reduced the burn-induced decrease of this enzyme by 48% (p<0.01).
Burns strongly decreased the serum albumin level by 37% (p<0.0001), whereas no significant increase was observed after melatonin administration ( Table 2) .
The concentration of hepatic proteins decreased by 52% (p<0.001) in the group with burns compared with Table 2) .
The activity of serum ChE significantly decreased by 36% (p<0.0001) in the group with burns as compared with that in the control group (Table 2) . When the rats were treated with melatonin, its activity diminished significantly and reached the control values at the 24 th hour. In the intact animals treated with melatonin, the activities of serum GGT, ChE, serum albumin, hepatic protein and hepatic MDA levels were similar to those in the control animals.
Discussion
The present study shows that thermal skin injury causes severe morphological changes, increase of hepatic MDA, as well as decreases in hepatic protein and serum albumin levels, serum GGT and ChE activity. Melatonin treatment produces a significant improvement of these parameters, which are significantly changed after thermal skin injury.
The excessive production of ROS and RNS initiates lipid peroxidation and directly damages plasma and intracellular membranes, altering membrane-bound protein. Both ROS and RNS enhance the production of reactive aldehydes, such as MDA, that have potent proinflammatory and pro-apoptotic properties [15] . Protein damage by free radicals includes the oxidation of sulfhydryl groups, protein cross linking and protein fragmentation [15] . Overproduction of ROS and RNS and unbalanced oxidant/antioxidant process play an important role in burn-induced hepatic injury [11, 16] . Oxidative stress may also have an impact on liver morphology and cellular function. Plasma levels of aminotransferases (AST and ALT) as indicators of hepatic injury and functional disorders are elevated after burns [12, 17] .
A significant increase of hepatic MDA as a marker of lipid peroxidation has been reported in animal models of burns, along with evidence of histopathological changes such as increased hepatocellular vacuolization and swelling of hepatocytes [18] . In the present study, melatonin significantly reduced burn-induced oxidative hepatic damage and degenerative changes.
Melatonin protects against burn-induced liver injury by scavenging the ROS and RNS, thereby preventing depletion of antioxidant capacity, inhibiting lipid peroxidation and releasing inflammatory mediators [19] . Melatonin also stabilizes cell membranes, making them more resistant to oxidative attacks [5] . Furthermore, thanks to its lipophilic nature, melatonin has access to every cell in the body, wherein it suppresses both the breakdown of membrane lipids and proteins in the cytosol and DNA oxidation in the nucleus, and where it reduces cell damage [6] .
Oxidative stress and lipid peroxidative damage of mitochondrial membranes trigger mitochondrial permeability and mitochondrial dysfunction, with resultant depletion of ATP and glutathione, and cell death [19] . Recently, apoptosis has found to be an important factor in pathological changes in the liver that occur after burns. Burning induces apoptosis of hepatocytes and gut mucosal cells as a result of the 'systemic apoptotic response' [20] . Burn-induced hepatocyte apoptosis is associated with an increased nuclear factor kappa B (NF-KB) expression and proinflammatory cytokine levels, such as tumor necrosis factor-α [17] .
The cytoprotective effect of melatonin on ischemia/ reperfusion-induced hepatic injury is related to its ability to decrease proinflammatory cytokine production and lipid peroxidation and to inhibit apoptosis [21] . In addition, melatonin protects against alcoholic hepatic injury by attenuating oxidative damage, inflammatory response and apoptosis [22] . In the present study, melatonin, in the same dose, inhibited lipid peroxidation, degeneration and formation of apoptotic bodies (Councilman's bodies) in rat livers in the early post-burn period. Clinical investigations have shown that burninduced hepatic injury is accompanied by impairment of liver function [11, 19] . Our previous data indicated that melatonin (10 mg/kg b.w.) significantly decreases serum activity of hepatic enzymes AST and ALT as markers of hepatic dysfunction and parenchymal damage [12] .
The present study demonstrates decreased serum activity of serum GGT after thermal skin injury. Melatonin applied at this dosage prevents the burn-induced decrease of serum GGT levels. The latter plays an integral role in glutathione homeostasis and is traditionally regarded as a component of the cellular defense system against oxidative stress. GGT is important for the availability of cysteine, the rate-limiting substrate for intracellular glutathione [23] . In our opinion, the decrease of the serum GGT activity, most likely resulting from hepatocellular injury, may contribute to glutathione deficiency and impaired antioxidant defense. All these events may induce the vicious cycle of hepatic damage. Burn-induced oxidative liver damage is augmented by the increased lipid peroxidation and inhibited hepatic glutathione peroxidase (GPx), another glutathione-related enzyme [24] .
Serum GGT activity, which is reduced by burninduced liver injury, recovers through melatonin action. Melatonin simulates gamma glutamyl cysteine synthetase (GST), the rate-limiting enzyme in glutathione synthesis [25] ; it also increases hepatic glutathione content and reduces burn-induced oxidative liver injury [11] .
After major injury, such as a severe burn, hepatic protein production shifts from predominantly constitutive hepatic proteins to acute phase proteins [17] . Our data show a decrease in serum albumin concentration, which is in agreement with other authors' data [2] . Hepatic protein content also decreases after thermal injury; this most likely results from decreased protein liver synthesis. Serum GhE is an indicator of the synthetic capacity of hepatic parenchyma and reflects changes in hepatocellular function [26] . Serum ChE and inflammatory cytokines have been introduced to assist in the prognosis of morbidity and mortality, beyond the traditional vital signs in patients with burns [27] .
Our data demonstrate that the activity of serum GhE, which may be due to burn-induced damage of the hepatic parenchyma, decreases by the 24 th hour post burn. We found that melatonin treatment restricts the burn-induced decrease in this enzyme and hepatic proteins as well, but has no significant influence on serum albumin concentration. This is not surprising, because serum albumin content decreases as a result of burn-induced capillary hyperpermeability, in addition to decreased protein synthesis.
Our earlier study shows that melatonin (10 mg/kg b.w.) suppresses liver production of C-reactive protein (CRP) in the inflammatory response [12] . CRP itself stimulates the expression of cytokines and free radical production, which may lead to progression of tissue oxidative damage [9, 15, 18] . Given the hypothesis that a decrease in acute phase proteins and an increase in constitutive hepatic proteins restricts hepatic parenchyma injury and improves liver function, we suggest that melatonin treatment may be beneficial after burns in humans.
Our results show that thermal skin injury causes severe morphological injury of hepatic parenchyma as well as disturbance in hepatic function. This is evidenced by decreased content of serum albumin and hepatic albumin, as well as by lowered serum ChE activity reflecting diminished protein synthetic capacity of liver and serum GGT value related to the glutathione antioxidant system. Melatonin limits the degenerative changes and improves the parameters of liver dysfunction. Consequently, these data suggest that melatonin may be effective in combating burn-induced liver damage associated with liver dysfunction and alteration of hepatic parenchyma after burns in humans.
